INTRODUCTION
The vast reservoir of influenza A virus (IAV) in aquatic birds serves as a genetic base that facilitates virus reassortment and antigenic shifts, some of which may confer on IAV strains the ability to cross species barriers and infect humans. Avian influenza A virus (AIV) typically does not replicate efficiently or cause disease in humans 1 because of differences in receptor binding affinity, thereby limiting virus host range. 2 Furthermore, the poor polymerase activity of AIV in human cells constitutes another major barrier that must be overcome for successful infection. The IAV viral ribonucleoprotein (vRNP) is known to harbor numerous host-determinant amino acid signatures, 3 which, when changed, can affect viral replication efficiency in different hosts.
For example, a change from glutamate to lysine for amino acid residue 627 (E627K) in the PB2 subunit (PB2 K627-type) of an AIV vRNP is known to enhance polymerase activity, virus replication, viral transmission, and even pathogenicity and mortality in mammals. [4] [5] [6] [7] Conversely, IAVs with an engineered PB2 E627-type vRNP demonstrate reduced polymerase activity in mammalian systems. 8, 9 Statistical analysis indicates that most human IAVs are of the PB2 K627-type, whereas most AIVs are of the PB2 E627-type. 4, 10 Our previous research also found that a host species-specific factor in humans, TUFM, exhibits stronger binding affinity with PB2 627 E than with PB2 627 K and can inhibit the replication of PB2 E627-type but not PB2 K627-type IAVs in human cells. 11 There is compelling evidence to show that AIV adaptation to humans is dependent on such mutations in the polymerase subunits (PB1, PB2, and PA) or viral nucleocapsid protein (NP), which can enhance interaction with mammalian-specific factors to enable efficient viral replication. 12 A better understanding of host species-specific factors that affect IAV replication is therefore important for the study of virus transmission and infectivity, but current research is centered on proteins, and little information is available regarding other types of regulatory factors.
MicroRNA (miRNA) is a short, noncoding RNA molecule that is believed to regulate at least 30% of cellular gene expression. 13, 14 Individual miRNA can repress the expression of hundreds to thousands of genes through partial recognition of binding sites in the 3 0 UTR of target genes. 15 Furthermore, it is now known that miRNA is involved in the replication process of both DNA and RNA viruses, 16, 17 and recent studies have reported on host miRNAs that can regulate IAV replication. [18] [19] [20] [21] Because virus replication usually involves multiple factors, 22, 23 miRNAs with multi-targeting capability may serve as a more efficient and effective focus for novel antiviral drugs; moreover, it is relatively easier to develop complementarysequence-based treatments against miRNA, as compared to protein-targeting therapies. The first miRNA-based antiviral therapy, miravirsen, is already in phase II clinical trials for the treatment of chronic hepatitis C infection. 24 However, current research has not specifically examined the role of miRNA in host species specificity. The scatterplot indicates the relative expression of each identified miRNA in the WSN-infected samples, as compared with the mock-infected samples at the stated time points after infection. The y axis represents the log2-fold change of miRNA expression in the WSN-infected samples relative to the mock-infected samples. (B) A Venn diagram depicting the conservation of dysregulated miRNAs in Gallus gallus, analyzed by the microRNAviewer. 31 Dysregulation was determined by a threshold of a 1.5-fold change in expression relative to mock-infected controls. (C) Key miRNA expression patterns in WSN-infected A549 cells at various time points after infection. The columns correspond to expression patterns of dysregulated miRNAs relative to mock-infected samples at 2, 6, and 10 h after infection. Here, we identified a novel role for miR-1290, a host miRNA found in human and ferret lung cells, but not in mouse or chicken cells. Previously, miR-1290 expression has been reported to be upregulated in non-small cell lung cancer (NSCLC), 25 and miR-1290 has been implicated as a driver of invasiveness and proliferation in NSCLC [26] [27] [28] and lung adenocarcinoma. 29 We found that an IAV can upregulate miR-1290 expression to enhance IAV replication. When miR-1290 function was inhibited by a miR-1290 antagonist, LNA-1290, viral titers of the IAV decreased significantly in both human cells and ferret animal models. We further observed that miR-1290 can target the vimentin gene to reduce its expression. Nuclear levels of the IAV NP subunit were shown to rise in vimentin knockdown cells, and this led to significantly increased vRNP polymerase activity. Interestingly, the 3 0 UTR of the chicken vimentin gene did not contain any binding site for miR-1290. These findings point to a host species-specific mechanism in which the IAV upregulates miR-1290 to interfere with vimentin expression and increase the vRNP in the host nucleus, thereby enhancing polymerase activity and viral replication.
RESULTS

Dysregulation of miR-1290 Expression Observed in IAV-Infected Human Cells
To identify miRNAs affected by IAV infection, we systematically performed miRNA microarray analysis of a human alveolar adenocarcinoma cell line, A549, which was infected with a common laboratory strain of influenza A/WSN/33(H1N1) virus (WSN). We compared miRNA expression profiles in A549 cells infected with WSN for 2, 6, and 10 h at an MOI of 2. Among 955 miRNAs on the microarray, 209 were detected in all three infected A549 samples, but most expression changes were less than 1.5-fold higher or lower when compared with analysis results from mock-infected A549 cells ( Figure 1A ), which is consistent with a previous report. 30 Therefore, we established a 1.5-fold expression change as a screening threshold. Further screening revealed 116 miRNAs that underwent 1.5-fold or greater expression changes at any time point following WSN infection (Figure 1B) . To identify host species-specific miRNA not conserved in Gallus (chicken), we used microRNAviewer 31 to search for human miRNA without avian homology and subsequently found 45 miRNAs that fit this condition ( Figure 1B ). Comparative analysis of their expression patterns at different time points after WSN infection, using a clustered heatmap ( Figure 1C ), revealed that miR-1290 was strongly upregulated. We used stem-loop real-time PCR to validate miR-1290 upregulation following WSN infection and observed that for a single-cycle infection, miR-1290 expression increased by 2.8-, 2.1-, and 1.3-fold over uninfected cells at 2, 6, and 10 h after infection, respectively ( Figure 1D ). Moreover, for multiple-cycle infections, miR-1290 expression levels rose by 3.2-and 1.9-fold over uninfected cells at 24 and 36 h after infection, respectively ( Figure 1E ). To dispel concerns regarding whether such upregulation takes place only in immortalized cell lines, we repeated these experiments in normal human bronchial epithelial (NHBE) cells challenged with WSN. The results showed that miR-1290 exhibited a 1.5-fold increase in expression levels after WSN infection ( Figure 1F ). We proceeded to examine whether other IAV strains were similarly capable of upregulating miR-1290 expression, and our results demonstrated that levels of miR-1290 also rose significantly in cells infected with H3N2 or emerging AIV (H7N9) viruses ( Figure 1G ). Previous research has reported that miR-1290 is specific to humans and great apes 32 and that it is not detectable in mouse cells by in situ hybridization (ISH). We also used the University of California, Santa Cruz (UCSC), Genome Browser to align the miR-1290 precursor sequence across 100 vertebrate genomes and confirmed that this sequence was indeed strongly conserved across several higher primate species ( Figure S1 ). However, to the best of our knowledge, the role of miR-1290 in IAV replication has not been reported. Figure 2A , left panel), LNA-NC, whose sequence has no homology to any known human, mouse, or rat miRNA or mRNA sequence. Corresponding viral titers examined at different time points after infection by plaque assay subsequently showed that viral titers were respectively 40% and 15% that of the negative control (LNA-NC) at 48 and 72 h after infection ( Figure 2A , right panel). However, when a miR-1290 mimic alone was overexpressed in cells, at the final post-infection time point that was tracked, miR-1290 levels were upregulated 5.3-fold compared to the negative control (miR-NC; Figure 2B , left panel), and viral titers were subsequently found to be 3.8-and 1.3-fold higher than those observed in the miR-NC negative control at 48 and 72 h after infection, respectively ( Figure 2B , right panel). The miR-NC negative control is a random-sequence miRNA mimic molecule that has been extensively tested in human cell lines and tissues and has been validated to have no identifiable effects on any known miRNA function. To confirm the specificity of this effect by miR-1290 on viral replication, we designed a seed sequence mutant miR-1290 mimic (sm-miR-1290) as a specific negative control. The seed sequence of the sm-miR-1290 mimic was designed to be the reverse complement of the miR-1290 sequence. Subsequent experimental results also showed that viral titers in miR-1290 overexpressed cells were 5.7-and 2.7-fold higher than this specific sm-miR-1290 negative control at 48 and 72 h after infection, respectively. We confirmed by MTT cell viability assay that both LNA-1290 and the miR-1290 mimic did not induce cell toxicity at concentrations up to 100 nM ( Figure S2 ).
We further sought to ascertain whether LNA-1290 is capable of inhibiting IAV replication in an animal model. Although miR-1290 was previously reported to be specific to humans and great apes 32 and this was corroborated by our own genome alignment analysis (Figure S1 ), we nevertheless measured basal levels of miR-1290 in a variety of animal lung tissues. MiR-1290 was indeed undetectable in mouse and chicken lung tissue, but was detected in human and ferret (Mustela putorius furo) lung tissue ( Figure 2C) . Although a BLAST search produced no alignment with the miR-1290 sequence in the MusPutFur1.0 draft genome downloaded from Ensembl, we suspect that this may be due to the incompleteness of the ferret genome sequence currently available. MiR-1290 expression in ferret lung tissue was confirmed by real-time PCR, and sequencing results of the PCR product revealed an exact 100% match between ferret and human miR-1290. Considering that ferrets are an excellent mammalian model with a detailed record of use in studying the pathogenicity and transmissibility of human and avian IAV and can reflect many characteristics of IAV infection, 33 we elected to use ferrets to assess the effect of miR-1290 on IAV replication. We found that, at baseline, miR-1290 expression in ferret lung tissue was about half that in human cells, but miR-1290 levels similarly increased significantly after WSN infection, as compared with mock-infected controls (Figure 2D ). We then treated ferrets intranasally with LNA-1290 1 day prior to WSN inoculation and collected tissue samples at 3 days after infection for analysis ( Figure 2E ). Real-time PCR results showed that miR-1290 expression decreased in the nasal turbinate (NT) and lung tissue of ferrets treated with LNA-1290, as compared to the negative controls ( Figures 2F and 2G ); viral protein levels ( Figure 2H ) and viral titers ( Figure 2I ) also fell in LNA-1290-treated ferrets compared to the negative controls. These results provide confirmation in an animal model that LNA-1290 can affect both viral protein levels and viral titers by inhibiting miR-1290 expression.
IAV-Enhanced miR-1290 Expression Downregulates Vimentin Expression
To better understand how miR-1290 acts to affect IAV replication, we designed a screening pipeline ( Figure 3A ) to investigate 62 potential target genes of miR-1290 that are important for IAV replication and are downregulated in response to IAV infection (Table  S1 ). Screening results revealed that protein levels of vimentin were downregulated in miR-1290-overexpressing cells, but not in the negative controls ( Figure 3B ). To ensure that the regulation of miR-1290 on vimentin expression was not an artifact created by the miR-1290 mimic, the sm-miR-1290-specific negative control was used ( Figure 3C , upper panel), and subsequent results showed that both mRNA and protein levels of vimentin were not downregulated in sm-miR-1290-overexpressing cells, as with the previous negative controls ( Figure 3B ) used. To verify the direct regulation specificity at the binding site between miR-1290 and the 3 0 UTR of vimentin, we proceeded to construct a luciferase reporter vector containing the 3 0 UTR from the human vimentin gene (huVIM), with the miR-1290 binding site located in this region included in either wild-type (huVIM-3 0 UTR) or mutant (mut-huVIM-3 0 UTR) form ( Figure 3C ). The reporter vector was co-transfected with miR-1290 into A549 cells, and reduced luciferase activity was observed in comparison to the negative controls or the smmiR-1290-specific negative control in cells transfected with the wild-type huVIM-3 0 UTR-containing vector ( Figure 3C ). By contrast, in cells transfected with the mutant mut-huVIM-3 0 UTR-containing vector, for which the miR-1290 binding site is mutated, luciferase activity did not change in response to the increased miR-1290 levels ( Figure 3C ). These results indicate that miR-1290 can downregulate vimentin expression via binding to a specific site in the 3 0 UTR of the human vimentin gene.
Downregulation of vimentin mRNA and protein levels was also observed in WSN-infected A549 cells ( Figure 3D ), and to confirm that this downregulation was indeed affected by miR-1290, instead of an IAV-induced transcription shutoff mechanism, we co-transfected cells with the wild-type hu-VIM-3 0 UTR luciferase reporter vector, and either LNA-1290 or a negative control (LNA-NC). Following WSN infection, luciferase activity significantly decreased in cells transfected with LNA-NC, but remained comparable in LNA-1290-transfected cells, or even increased after infection (Figure 3E) , indicating that LNA-1290 can block the inhibitory effect of miR-1290 on vimentin expression. We repeated this experiment in ferrets and observed that mRNA expression of the ferret vimentin gene (feVIM), which also contains a miR-1290 binding site in the 3 0 UTR, similarly remained stable in LNA-1290-treated ferrets, as opposed to those treated with LNA-NC ( Figure 3F ).
Host Species-Specific miR-1290 Vimentin Regulation Is Absent in Chicken Cells
Vimentin is a highly conserved cytoskeleton protein, with 83.7% nucleotide similarity between the human and chicken vimentin coding sequence (CDS), and 74.6% similarity in the 3 0 UTR. However, we did not observe any change in chicken vimentin mRNA levels in response to infection with IAV ( Figure 4A ). Upon analysis of the 3 0 UTR of the chicken vimentin gene, we observed that there was no miR-1290 binding site ( Figure 4B) ; however, to confirm the effects of miR-1290 on chVIM-3 0 UTR, we also constructed luciferase reporter vectors containing either the wild-type chicken vimentin 3 0 UTR sequence (chVIM-3 0 UTR) or a mutated sequence that contained a miR-1290 binding site (mut-chVIM-3 0 UTR). Overexpression of miR-1290, sm-miR-1290, or a negative control miRNA in chicken cells transfected with a luciferase reporter vector containing the wild-type chVIM-3 0 UTR did not lead to any differences in luciferase expression, but overexpression of miR-1290 in chicken cells transfected with a luciferase reporter vector containing the mut-chVIM-3 0 UTR led to a significant decrease in luciferase expression, as compared with the sm-miR-1290-specific negative control or previous miRNA negative controls ( Figure 4B ). These results confirm that miR-1290 can affect chicken vimentin expression if a binding site on the chVIM-3 0 UTR is present, and the failure of miR-1290 to induce expression changes in the wild-type chicken vimentin gene indicates that such a binding site is likely not present in chickens, which also do not express miR-1290. We proceeded to transfect luciferase reporter vectors containing either huVIM-3 0 UTR or chVIM-3 0 UTR into A549 or DF-1 chicken fibroblast cells, after which cells were infected with WSN for 2, 6, or 10 h at an MOI of 2. Compared with mock-infected A549 cells, luciferase activity in cells transfected with huVIM-3 0 UTR-containing vector decreased after infection; however, luciferase activity in DF-1 cells transfected with chVIM-3 0 UTR-containing vector remained comparable to mock-infected controls, or even increased after infection ( Figure 4C ). This indicates that IAV-induced downregulation of vimentin is likely a host species-specific mechanism.
Vimentin Knockdown Enhances Viral Polymerase Activity by Disrupting vRNP Distribution
Previous studies have shown that vimentin can associate with IAV vRNP, 34, 35 and we therefore conducted an immunoprecipitation (IP) assay to assess the binding affinity of vimentin with the PB1, PB2, PA, and NP subunits of vRNP. IP results from cells transfected with FLAG-tagged vimentin and the respective vectors expressing each vRNP subunit revealed that only the PB2 subunit was pulled down by an anti-FLAG antibody ( Figure 5A) ; however, when FLAG-tagged vimentin was overexpressed in IAV-infected cells, the PB2, PB1, PA, and NP subunits were all pulled down by an anti-FLAG antibody ( Figure 5B), indicating that vimentin can interact with vRNP through binding with the PB2 subunit. A non-vRNP protein, NS1, was used as the negative control to demonstrate the binding specificity between vimentin and the vRNP subunits ( Figure 5B ). We observed through confocal microscopy that NP and vimentin were colocalized around the nucleus ( Figure 5C ) and therefore hypothesized that the interaction between vimentin and vRNP affects vRNP translocation. To ascertain this, we co-expressed vimentin small interfering RNA (siRNA) or NC siRNA, and an IAV mini-genome in A549 cells and subsequently analyzed vRNP subunit distribution www.moleculartherapy.org in fractionated cell lysates ( Figure 5D ). We found that the ratio of NP subunit in the nuclear fraction of vimentin knockdown cells was higher than that in the NC siRNA. As the NP protein is one of the subunits of vRNP polymerase, to observe whether viral polymerase activity changes in vimentin knockdown cells, we co-expressed vector control (VC) or vimentin, vimentin siRNA or NC siRNA, and an IAV mini-genome in HEK293T cells to assess the impact of vimentin on vRNP activity. The results showed that vRNP activity rose in vimentin knockdown cells compared with NC siRNA controls, but when vimentin was overexpressed, no significant differences were observed in vRNP activity between cells transfected with vimentin siRNA and NC siRNA ( Figure 5E ). These findings suggest that vimentin may be involved in vRNP translocation, and knockdown of vimentin expression may lead to increased vRNP in the host cell nucleus, thereby enhancing viral polymerase activity.
Influenza A Virus Induces miR-1290 Expression via ERK Pathway Activation
We observed that WSN infection elevated miR-1290 expression starting from 2 h after infection, during an early stage of the viral replication cycle ( Figure 1D ). To explore the underlying mechanism(s), we proceeded to infect A549 cells with wild-type (WT) or UV-inactivated WSN viruses. Subsequent results showed that UV-inactivated WSN virus still increased miR-1290 levels ( Figure 6A ), thereby indicating that IAVinduced increases in miR-1290 expression are independent of viral RNA replication. Processes upstream of viral RNA replication, such as viral endosome uncoating or viral attachment, may also be involved in miR-1290 induction, and to understand whether the endosome-uncoated-vRNP complex is sufficient for miR-1290 induction, we treated cells with ammonium chloride (NH 4 Cl) to prevent endosome fusion.
Results showed that miR-1290 expression still increased in cells treated with either NH 4 Cl or double-distilled water (ddH 2 O) after virus infection, compared with mock-infected controls ( Figure 6B ). We further examined whether IAV-induced miR-1290 expression may occur at viral attachment, as previous studies have shown that IAV can activate the Raf/MEK/ERK signaling cascade in the early stages of viral infection. 36 We subsequently detected ERK activation at 30 min after viral infection ( Figure 6C ). It has been reported that the ERK1/2 can phosphorylate the transcription factor, Elk, to activate miR-1290 expression. 37 Therefore, we hypothesized that IAV attachment to host cells may activate the ERK pathway to promote miR-1290 transcription, and to confirm this, we assessed the expression of miR-1290 in cells treated with 12-O-tetradecanoylphorbol 13-acetate (TPA), an ERK activator. We found that p-ERK1/2 (phosphorylated ERK) was activated in TPA-treated cells, and miR-1290 expression was also higher in TPAtreated cells than in DMSO-treated cells ( Figure 6D ), suggesting that IAV can activate ERK immediately after viral attachment to promote miR-1290 expression. In addition to WSN, we found that the PR8, pdmH1N1, and H3N2 viral strains promoted ERK activation (Figure 6E) , and elevated miR-1290 expression was also detected after infection with these strains (Figure 6F ), indicating that other IAV strains can also promote miR-1290 expression through ERK pathway activation.
DISCUSSION
Here, we identified an interesting host species-specific mechanism by which IAV exploits the miR-1290-vimentin regulation axis to The antibodies listed at left were used in western blotting of cell lysates. Luciferase activity assays were repeated at least three times, and data are presented as mean values ± SD from one representative experiment. Western blotting was performed at least three times. Data are presented from one representative experiment. Statistical significance was determined by conducting an unpaired t test (*p < 0.05; **p < 0.01; ns, nonsignificant). Non-structural viral protein NS1, which primarily functions to disrupt interferon production, was used as the negative control.
promote viral replication in human lung cells and a ferret animal model. This process was not found in chicken or mouse cells, and, as more research and genome sequence data become available, the role of miR-1290 in IAV host species specificity may become clearer, as with the underlying evolutionary processes involved.
An earlier analysis of serum miRNA from patients infected with emerging AIV H7N9 found that miR-1290 was upregulated during infection, 38 and in this study, we showed that IAV infection upregulates miR-1290 expression, the result of which can benefit vRNP nuclear increase and viral replication. Interestingly, miR-1290 is located in the first intron of the ALDH4A1 gene, and both miR-1290 and the ALDH4A1 gene product are transcribed by the same promoter. It has been reported that ALDH4A1 is a p53-inducible gene that is protective against cellular stresses, 39 but it is not yet known whether ALDH4A1 also plays a role in IAV infection and host species specificity. However, previous research on miR-1290 has mostly centered on its role in promoting cell proliferation and invasiveness of lung cancer, [26] [27] [28] [29] and cellular and animal studies have shown that inhibition of miR-1290 can decrease tumor cell invasiveness and arrest xenograft tumor growth. 27, 28 Considering that miR-1290 has been reported to be upregulated in NSCLC, 26 lung adenocarcinoma, 29 and other tumors, together with the fact that cancer patients appear to be at increased risk of influenza complications, further research into the impact of miR-1290 on IAV proliferation and virulence in patients with miR-1290-upregulated tumors may be warranted. The clinical effects of novel miR-1290 inhibitors, such as the LNA-1290 inhibitor described in this study, may also be worth additional investigation in both influenza and cancer.
Previous studies have also observed vimentin mRNA degradation 40 and structural alteration 41, 42 After western blot analysis, ERK activation was analyzed with a monoclonal antibody specific to phosphorylated ERK (p-ERK). Loading levels were controlled with a polyclonal antibody against ERK2. U6 was used as an internal control, and each sample was normalized with a mock control. Error bars represent the SD derived from three independent experiments. Statistical significance was determined by conducting an unpaired t test (*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; ns, nonsignificant). H.P.I., hours post infection.
study, 34 and a recent study reported that vimentin can facilitate endosome trafficking and acidification to play a critical role in IAV H5N1 infection. 43 In this study, we showed that vimentin expression is downregulated by IAV-induced miR-1290, and this leads to the nuclear enrichment of vRNP components ( Figures 5C and 5D) . We speculated that vimentin may interfere with vRNP import into the host cell nucleus and/or delay vRNP export from the host cell nucleus, possibly through the interaction between vimentin and vRNP that is mediated by PB2 binding. Therefore, knockdown of vimentin would reduce interference with vRNP transport, and the vRNP complex could be better retained in the nucleus during the late stage of viral replication, resulting in increased IAV vRNP activity ( Figure 5E ). These results do not preclude the possibility that vimentin may take on various roles at different stages of IAV infection.
Considering that the infectivity and replicative ability of IAV can differ greatly between species, it is therefore important to study the factors influencing host species specificity, particularly those with respect to humans. A robust animal model is needed to conduct such studies, and to date, mouse models have been widely employed to study the pathology of IAV. However, there are many differences between humans and mice, and mouse models may not be able to accurately reflect the human response. Our findings regarding miR-1290 represents one example of the differences between humans and mice: bioinformatic analysis ( Figure S1 ) and real-time PCR analysis ( Figure 2C ) have shown that the precursor sequence of miR-1290 is absent in the mouse genome. Yelamanchili et al. 32 also verified that miR-1290 could not be detected in mouse cell lines by ISH analysis. Even though the convenience and low cost of mouse models represents a major advantage, it is possible that the use of such models may cause a promising anti-IAV therapy to be overlooked or discarded before clinical testing because of poor performance in mice. Our results suggest that ferret models may serve as an alternative or possibly better choice for studying the interaction of host factors with IAV, although further studies are likely to be needed to corroborate this.
Recently approved anti-IAV therapies primarily target viral proteins and can be broadly divided into two categories: neuraminidase inhibitors and M2 inhibitors. However, because of the high mutation rate 44, 45 and reassortment capability of IAV, 46-48 drug resistance is a major issue that limits the application of these antiviral drugs. 49, 50 Novel anti-viral drugs targeting host species-specific factors may represent a solution to this problem, but other side effects may emerge from these treatments, and thus more evidence regarding the use of such strategies will be needed. In this study, we observed that miR-1290 expression is enhanced upon IAV infection, and therefore we used a specific antagonist, LNA-1290, to target and block IAVenhanced expression of miR-1290. This strategy merely reduces miR-1290 to normal pre-infection levels, and thus carries a reduced risk of side effects. We further found that intranasally applied LNA-1290 can effectively reduce IAV-induced miR-1290 overexpression in a ferret animal model, resulting in decreased viral protein levels and viral titers. These results suggest that further exploration of a therapeutic role for LNA-1290 may be worthwhile in the future.
In conclusion, our findings point to a host species-specific mechanism by which IAV utilizes miR-1290 to increase vRNP in the nucleus, thereby enhancing viral polymerase activity and viral replication. This mechanism was observed in both human cells and ferret animal models; however, miR-1290 regulation of vimentin expression was not observed in chicken cells or mouse animal models, and the 3 0 UTR of the chicken vimentin gene did not contain a miR-1290 binding site. Intranasal administration of a miR-1290 antagonist, LNA-1290, subsequently reduced viral protein levels and viral titers in ferrets, suggesting that this mechanism may serve as a viable target for the future development of novel antiviral therapies. These results may also have implications for understanding how viruses can cross the species barrier and adapt to different hosts.
MATERIALS AND METHODS
Ethics Statement
The research ethics of this study were reviewed and approved by the Institutional Review Board at the Chang Gung Medical Foundation, Taoyuan, Taiwan (Approval Notices 102-4819B and 104-9560C).
Antibodies
Anti-phosphorylated-ERK (1:2,000 dilution, CST9106; Cell Signaling Technology, Danvers, MA, USA), anti-total-ERK2 (1:2,000 dilution, GTX113094; GeneTex, Irvine, CA, USA), anti-vimentin (1:1,000 dilution, sc-6260; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:5,000 dilution, GTX100118; GeneTex), anti-actin (1:10,000 dilution, MAB1501; Millipore, Burlington, MA, USA), anti-LaminB1 (1:3,000 dilution, ab16048; Abcam, Cambridge, UK), and anti-NP (1:10,000 dilution for western blotting; 1:2,000 dilution for immunofluorescence, produced in our laboratory) antibodies were used in western blotting. Anti-influenza A (1:1,000 dilution, AB1074; Millipore) antibody was used in IHC staining.
Cells
HEK293T cells (ATCC CRL-11268), chicken fibroblast DF-1 cells (ATCC CRL-12203), and Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) were grown in DMEM (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; Gibco). Human type II alveolar epithelial A549 cells (ATCC CCL-185) were maintained in minimum essential medium (MEM; Gibco) containing 10% FBS. NHBE cells (ATCC PCS-300-010) were grown in bronchial epithelial cell growth medium (BEGM; Lonza, Walkersville, MD, USA) containing growth factors, cytokines, and supplements. All cells were cultured at 37 C with 5% CO 2 .
Viruses
The A/Taiwan/4-CGMH2/2014 (H7N9) virus was derived from Chang Gung Memorial Hospital, and the amplification and manipulation of the H7N9 virus was conducted in an accredited P3 laboratory at Chang Gung Memorial Hospital. To synthesize cDNA from mRNA, corresponding miRNA-specific stem-loop RT primers (Table S2) and ReverTra Ace RT (Toyobo, Osaka, Japan) were used, and real-time PCR was performed using KAPA SYBR FAST qPCR Kits (Kapa Biosystems, Wilmington, MA, USA) with the corresponding primers (Table S2 ) on a LightCycler 480 Real-Time PCR System (Roche Applied Science, Mannheim, Germany). The specificity of the SYBR Green PCR signal was confirmed by melting-curve analysis. The PCR reaction mixture (10 mL) consisted of 5 mL of KAPA SYBR FAST qPCR solution, 3 mL of miRNA-specific anti-sense primer (Table S2 ), 1 mL of universal sense primers, and 1 mL of 20-fold-diluted miRNA cDNA. Cycling conditions were 95 C for 5 min, followed by 40 cycles at 95 C for 15 s, then 63 C for 32 s, and 40 C for 20 s. U6 was used as an endogenous control for normalization. Data were analyzed using the 2 ÀDDCt method. 54 
Anti-miR and Mimic to miR-1290
To assess the cellular function of miR-1290, we used an anti-sense approach to inhibit miR-1290 function, and transfected cells with a miR-1290 mimic to increase miR-1290 expression. For these experiments, A549 cells were grown to 70% confluence and treated with anti-miR-1290 (Exiqon, Vedbaek, Denmark) or miR-1290 precursor (Ambion) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Effect of LNA-1290 on WSN Viral Replication in Ferrets
Eight female healthy ferrets (Mustela putorius furo: outbred) of approximately 12 months of age, with body weights between 700 and 1,100 g and confirmed to be seronegative for antibodies against Aleutian disease virus, circulating seasonal influenza viruses, and A/ WSN/33 by hemagglutination inhibition (HI) assays, were purchased from a commercial breeder. The ferrets were anesthetized by intramuscular injection (i.m.) in the hind legs with a Zoletil-xylazine cocktail prior to the administration of LNA-1290 and virus. We dissolved the lyophilized LNA-1290 (Exiqon) in Tris-EDTA (pH 8.0) to a stock concentration of 20 mg/mL, and mixed 2 mg LNA-1290 or LNA-NC control with 150 mL TransIT-TKO (Mirus Bio, Madison, WI, USA) transfection reagent and 100 mL Opti-MEM (Gibco) for each ferret. The 1 mg/kg LNA-NC or LNA-1290 complex was intranasally administered to four ferrets each, at 1 day before virus challenge. The trachea was inoculated with WSN at a dose of 10 7 plaque-forming units (PFU) in 1 mL PBS. At 3 days after infection, nasal turbinate and lung tissue were collected for further analysis.
Prediction of miR-1290 Target Genes
TargetScan was used to predict miR-1290 target genes, as described in previous research. 55 As mRNA destabilization is one of the effects that miRNA can exert on target genes, the IAV-downregulated host transcriptome was analyzed using the HumanHT-12 v4 Expression BeadChip Kit (Illumina, San Diego, CA, USA), as described in previous research. 56 The data were normalized, and calculation of the false discovery rate (FDR) was performed with Beadstudio 2.0 software (Illumina), using a customized algorithm. The genes that crossed the threshold of detection with p value % 0.05, and which had a differential score p value % 0.05, were considered to be differentially expressed. In addition, 948 host genes derived from RNAibased screening assays have already been reported in the literature to be important for IAV replication. 22, 23, 35, [57] [58] [59] [60] Based on the integration of TargetScan predictions, IAV-downregulated transcriptome analysis results, and literature searches, 62 potential target genes were identified (Table S1 ). Among these, genes that were reported as part of the IAV vRNP interactome, 3, 34, [61] [62] [63] and for which antibodies were available in our laboratory, were subsequently selected for further study.
Luciferase Reporter Assay
For the luciferase reporter assay, the CDS of huVIM-3 0 UTR and chVIM-3 0 UTR derived from A549 and DF-1 cells, respectively, were cloned into the pMIR-reporter vector. huVIM-3 0 UTR containing a mutant miR-1290 binding site (mut-huVIM-3 0 UTR) or chicken VIM-3 0 UTR containing a miR-1290 binding site (mutchVIM-3 0 UTR) was mutated from wild-type huVIM-3 0 UTR or chVIM-3 0 UTR by two-step RT-PCR (2Â SuperRed PCR Master Mix with loading dye; BioTools, Taipei, Taiwan). At 24 or 48 h after cotransfection, the dual-luciferase-expressing cells were lysed with 50 mL passive lysis buffer (Promega, Madison, WI, USA), and firefly and Renilla luciferase bioluminescence was measured with a DualLuciferase Reporter Assay with GloMax-Multi Detection System (Promega). Renilla luciferase was used as an internal control.
FLAG-IP
To assess whether vimentin interacts with the IAV viral components NP, PB1, PB2, and PA ( Figure 5A ), HEK293T cells were respectively cotransfected with pcDNA3-PB1, pcDNA3-PB2, pcDNA3-PA, or pcDNA3-NP, and plasmids expressing FLAG-tagged human vimentin (pFLAG-CMV2-huVIM) or a vector control (pFLAG-CMV2). After 48 h of transfection, cell lysates were collected with a FLAG Immunoprecipitation Kit (Sigma, St. Louis, MO, USA), and IP was performed using ANTI-FLAG M2 affinity gels (Sigma) and eluted using a FLAG peptide (Sigma), according to the manufacturer's protocol. Before the final wash, samples were incubated with 50 ng/mL RNaseA on ice for 30 min. The amount of input was 5% of the total IP lysates. To assess the interaction between vimentin with PB1, PB2, PA, or NP in a viral infection system ( Figure 5B ), HEK293T cells were transfected with plasmids expressing FLAGtagged human vimentin (pFLAG-CMV2-huVIM) or a vector control (p FLAG-CMV2). After 24 h of transfection, the cells were infected with WSN at an MOI of 0.01 for 24 h. After 24 h of infection, cell lysates were collected and processed as described above, and the amount of input was 5% of the total IP lysates.
IFA and Confocal Microscopy
A549 cells were infected with WSN at an MOI of 0.01 for 48 h. At specific time points after infection, cells were fixed, permeabilized, stained, and analyzed as described in our previous study.
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Subcellular Protein Fractionation of A549 Cells Subjected to Vimentin Knockdown A549 cells were respectively cotransfected with pcDNA3-PB1, pcDNA3-PB2, pcDNA3-PA, or pcDNA3-NP, and pol I-WSN-NS non-coding region minigenome reporter, using X-tremeGENE HP DNA Transfection Reagent (Sigma), as well as 20 nM of VIM siRNA (4390824, Silencer Select siRNAs; Thermo Fisher Scientific) or control siRNA (4390843, Silencer Negative Control No. 1 siRNA; Thermo Fisher Scientific), using Lipofectamine RNAiMAX (Invitrogen) transfection reagent according to the manufacturer's instructions. At 48 h after transfection, the cells were harvested and fractionated according to the experimental procedures described in the handbook provided along with the NE-PER Nuclear and Cytoplasmic Extraction Reagents (78833; Thermo Fisher Scientific). Approximately 60 mg of protein lysate from the cytosol fraction and lysate from the nuclear fraction at half the volume of the cytosol fraction were further used to analyze the expression of NP, vimentin, LaminB1, and GAPDH, using western blotting.
Assessing the Effect of Vimentin on vRNP Polymerase Activity
For the viral polymerase activity assay, pPolI-Luc was kindly provided by Dr. Michael M. C. Lai of the Institute of Molecular Biology, Academia Sinica, Taiwan; plasmids pcDNA-3-PB1, pcDNA-3-PB2, pcDNA-3-PA, and pcDNA-3-NP were kindly provided by Dr. Robert Expression of miR-1290 in Cells Treated with the ERK Activator TPA A549 cells were treated with 100 ng/mL TPA in serum-free MEM for 30 min. After 30 min, cells were collected to measure miR-1290 expression, as well as the expression of p-ERK and total ERK, using quantitative real-time PCR and western blotting, respectively.
Statistical Analysis
The statistical analysis methods used to assess and present the results for each set of experiments are described in the figure legends.
Data and Materials Availability
Data have been submitted to the NCBI GEO: GSE115069 (https:// www.ncbi.nlm.nih.gov/geo/).
